Abstract -Choosing an aquatic invertebrate sampling method for biomonitoring depends upon study goals, resources, and ecosystem conditions. In this study, we compared two methods that are widely used in stream ecology, but have not been directly compared: Hester-Dendy (HD) and Hess sampling. Hester-Dendy sampling uses artificial substrate that invertebrates colonize over a specific period of time. In contrast, Hess samplers surround a fixed area of natural substrate with a net. To compare approaches, we combined 5 years of simultaneous HD and Hess data collection (2010)(2011)(2012)(2013)(2014) from the Niobrara River with a 14-year (1996)(1997)(1998)(1999)(2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007)(2008)(2009) historical HD data set for the same study sites. We used this full 19-year data set to assess how ecosystem health has changed in the Niobrara River over time, while also testing the influence of HD versus Hess data (2010-2014) on historical trends (1996)(1997)(1998)(1999)(2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007)(2008)(2009). Our results showed that HD samples are more taxonomically variable and bias bioassessment metrics because they collect more sensitive taxa versus Hess sampling. However, when combined with the 1996-2009 HD data set, both recent HD and Hess data sets recovered the same trend of declining ecosystem health in the Niobrara River. These results provide empirical evidence that even when historical HD data are combined with recent Hess data, long-term bioassessment trends remain unchanged despite more accurate perspectives of invertebrate assemblages being collected.
Introduction
Aquatic invertebrates are excellent indicators of ecosystem health and have been used to monitor stream habitats since the 1870s (Cairns and Pratt, 1993) . Their wide use stems from several useful characteristics: aquatic invertebrates are abundant, sedentary, long-lived, responsive to environmental changes, and easy to collect. Most importantly, some aquatic invertebrates are more sensitive to ecosystem changes (e.g., many Ephemeroptera), while others are more tolerant (e.g., many Diptera), making them ideal for monitoring programs. Methods to monitor ecosystems via aquatic invertebrates are well-developed (Johnson et al., 1993; Rosenberg and Resh, 1993) and changes, such as the introduction of invasive species, pollution, alterations in land use and habitat degradation, are reflected in their assemblages.
For researchers and managers, deciding on an aquatic invertebrate sampling method can be difficult. The choice is multi-faceted, and depends upon monitoring objectives, environmental logistics, resource availability, and the presence or absence of historical data associated with a particular method. All methods have advantages and disadvantages, and bioassessment studies use a wide array, including kicknets, fixed-area samplers (e.g., Hess; Waters and Knapp, 1961) , artificial substrates (e.g., HD; Hester and Dendy, 1962) , and dipnets (Carter and Resh, 2001) . Stream characteristics also play a major role in this decision, with plate-style artificial substrate samplers (e.g., HD) that hang freely in the water column best-suited to large, deep rivers where other methods are challenging to use (De Pauw et al., 1986) .
Different sampling methods collect different types of data. For example, dipnets and kicknets provide presence/absence data, quantitative samplers [e.g., Hess and Surber (Surber, 1936) ] provide estimates of the density and biomass of invertebrates in a given area, while artificial substrate samplers allow for in situ colonization yielding a sampler-based estimate of density. HD samplers are commonly used in the United States, but many iterations of artificial substrate samplers exist, both in terms of colonization medium [e.g., sampling plates or netting (Czerniawska-Kusza, 2004) ] and materials (e.g., metal, wood, polyethylene, etc.) . This wide variation in artificial substrate sampling methods contributes to the need to interpret results obtained from artificial substrate samplers (e.g., HD) with caution as they may bias samples towards specific taxa (Shaw and Minshall, 1980; Letovsky et al., 2012) . Some investigators use multiple methods (e.g., artificial substrate samplers and quantitative methods; Holt et al., 2015) to provide parallel data of the invertebrate assemblage. However, given the challenge of management objectives, using a two-or three-pronged sampling scheme is too expensive in many instances. Therefore, managers are faced with the difficult challenge of making an informed decision about which sampling approach to use.
In this study, we compared HD (artificial Masonite plates) and Hess (fixed-area) sampling methods for characterizing invertebrate assemblages and informing bioassessment trends for the Niobrara River of western Nebraska, USA. Both methods are widely used in stream ecology and more commonly used in the United States versus Europe (at a rate of ∼3.5Â, Tab. S1). Despite this prevalence, we are not aware of any studies beyond the present one that directly compare the two methods. Specifically, we addressed three questions: (1) How do invertebrate assemblages that colonize HD plates versus those collected via Hess samplers compare? (2) How similar are bioassessment metrics calculated using each sampling method over the same timeframe and when combined with long-term bioassessment data? (3) To what extent has ecosystem health in the Niobrara River changed through time? The study was conducted at Agate Fossil Beds National Monument (AGFO) in western Nebraska where the National Park Service (NPS) has been monitoring aquatic invertebrates at three sites along the Niobrara River using HD sampling since 1996. With the support of the NPS, the present study is a continuation of this long-term sampling. To address our study objectives, we sampled the same sites using both HD and Hess samplers annually over a 5-year period (2010) (2011) (2012) (2013) (2014) . This allowed us to compare trends in biomonitoring metrics for both sampling methods (HD or Hess) when the recent, comparative data (2010) (2011) (2012) (2013) (2014) were added to the long-term HD dataset (1996 Bowles et al., 2013) .
Materials and methods

Study area
The headwaters of the Niobrara River are in eastern Wyoming, and the river flows east into Nebraska, eventually draining into the Missouri River. The Niobrara River Basin covers 32 600 km 2 of primarily grassland, and over 95% of the basin is used for agriculture (Galat et al., 2005) . AGFO includes ∼11 km 2 in a valley bottom, and ∼18 km of river flows through the park (Fig. 1) . Within the park, riparian vegetation is dominated by cattails (Typha sp.) and invasive yellow flag iris (Iris pseudacorus). River substrate mainly consists of fine particles (e.g., sand, silt and clay). Currently, pike (Esox lucius), white suckers (Catostomus commersonii), and green sunfish (Lepomis cyanellus) are the dominant fish species within the park; however, 11 fish species were collected at AGFO prior to 1990 (Spurgeon et al., 2014) .
We sampled three long-term NPS monitoring sites along the Niobrara River each summer (June-August) from 2010 to 2014 (Figs. 1 and S1; Tabs. 1, S2, and S3). We chose the summer season to follow historical sampling practices (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) ). The most upstream site (Agate Springs Ranch) is located near the western park boundary and the substrate is mostly fine sediment. Agate Springs Ranch has an overstorey of plains cottonwood (Populus deltoides) and cattails are more abundant at this site than iris. The central site, Agate Middle, lacks an overstorey, has gravel substrate, and abundant iris and cattails. Agate East is located before the Niobrara River flows out of the park. Riparian vegetation is dominated by iris with a few willow (Salix spp.) and the substrate is primarily fine.
At each site, we measured a range of environmental variables. Air temperature was estimated with a hand-held thermometer. Water temperature, dissolved oxygen concentration and saturation, specific conductivity (SPC), pH and oxidation-reduction potential (ORP) were measured with a Yellow Springs Instrument Professional Plus Multiprobe calibrated on-site before measurements were collected. Discharge was calculated with a Flo-Mate 2000 by measuring depth and water velocity at 0.3 m intervals across the stream.
We measured water clarity by lowering a Secchi disk into the water until it disappeared from view. Dominant substrate was estimated through soil texture tests (Thien, 1979) . For all environmental variables, measurements were taken during mid-day hours to minimize among-site variation to the greatest degree possible.
Field sampling and laboratory methods
We deployed HD samplers (76 Â 76 mm, 9 square plates, Wildlife Supply Company) at each study site in either June or July for all years. Specifically, a rope was strung across the river between two posts and seven loops were tied to separate the HD plates ( Fig. S2a-c ). The bottom of each plate was ≥15 cm above the stream bottom. Similar to previous studies (e.g., Wilson et al., 2004) , plates were colonized for ∼30 days (Tab. S3). Debris that accumulated was cleared weekly. Plates were retrieved by approaching from downstream and placing a dip net (150 mm mesh) under each HD and cutting the attached rope. Both HD plates and any invertebrates in the dipnet were included in the sample. HD plates were scrubbed with a toothbrush to remove invertebrates and samples were rinsed in a 212 mm sieve. Only five of the seven plates were analyzed from each site. Typically, the middle five plates were used unless one sampler was compromised (e.g., touching the bottom, pushed out of the water, etc.). All specimens were preserved in 80% ethanol. When HD samples were retrieved (either in July or August), we collected five replicate Hess samples (500 mm mesh, 860 cm 2 sampling area, Wildlife Supply Company) from each site ( Fig. S2d and e; except in 2010 we only collected three). The exception to this sampling scheme was a drought year (2012) when Hess samples were collected during HD deployment to avoid low water levels. At each site, Hess samplers were placed over vegetation at the margin of the stream, and both vegetation and sediment were vigorously scoured to capture invertebrates. All specimens were preserved in 80% ethanol.
In the laboratory, invertebrates were sorted and identified using a dissecting microscope. Each sample was filtered through a 2 mm mesh sieve and a 212 or 500 mm sieve to separate larger, less abundant invertebrates from smaller, more abundant taxa. All invertebrates were identified in the >2 mm size class. If the density of invertebrates in the small sieve was high, we subsampled using the record player method (Waters, 1969) . Identifications were made using Merritt et al. (2008) for insects, and Thorp and Covich (2009) and Smith (2001) for non-insect invertebrates. Insects were identified to genus when mature larvae were collected and non-insects were identified to the lowest practical taxonomic level (see Tabs. S5 and S6). Finally, replicate samples were averaged to calculate final values used in downstream comparisons and analyses.
Statistical analyses
Six bioassessment metrics have been calculated for the Niobrara River to estimate ecosystem health since 1996: Hilsenhoff's biotic index (HBI), Ephemeroptera, Plecoptera and Trichoptera (EPT) richness, proportion of EPT taxa (i.e., number of EPT taxa divided by total number of taxa collected), taxon diversity (Shannon's index), taxon richness and taxon evenness (Bowles et al., 2013) . We followed historical methods and calculated these same metrics as well as the proportion of invertebrate groups (e.g., insects, Ephemeroptera, Crustacea) for both sampling methods and analyzed differences using analysis of variance (ANOVA) models with site, year, and sampling method as variables after testing model assumptions. We used the false discovery rate (Benjamini and Hochberg, 1995) to correct P-values, because we ran 17 ANOVAs on subsets of our dataset. We ordered groups by P-values from smallest to largest (i.e., the group with the smallest P-value was first and the group with the largest Pvalue was 17th). We calculated the adjusted alpha level by dividing 0.05 by the number of tests (17) and multiplying by the consecutive order of the group. The group was significant when the P-value was smaller than the adjusted alpha level. All groups with smaller P-values were significant above the group with the largest, significant P-value. To organize, split, and manage data sets, we used the R packages plyr (Wickham, 2011) and Matrix (Bates and Maechler, 2010) .
We used non-metric multidimensional scaling (NMDS) ordinations (R package vegan; Oksanen et al., 2007) to visualize variation in aquatic invertebrate assemblages between sampling methods over the 5-year study interval (2010) (2011) (2012) (2013) (2014) . NMDS provides an ordination-based approach to rank distances between objects and has been shown to perform well with non-normally distributed data (Legendre and Legendre, 1998) . We performed NMDS on the mean abundance of taxa per sample with replicates combined for each site, year, and sampler type. NMDS iterations were run until convergence on a locally minimum stress was achieved. A 2D solution was used to simplify interpretation. Next, a goodness-of-fit of the NMDS results was assessed through a regression of the observed Bray-Curtis dissimilarities and NMDS ordination distances. We calculated multivariate dispersion for each sampling method to understand the inherent variability of HD versus Hess samples. To test significance of dispersion between methods, we used a permutation test of multivariate homogeneity of group dispersions. This test first employ a t-test to assess pairwise group dispersions, followed by a permutation test to generate a distribution of F under a null hypothesis of no dispersion (or variance) between groups. All multivariate analyses were performed using the R package vegan (Oksanen et al., 2007) with default settings. Because input data for NMDS must have the same units, we used principal components analysis (PCA) to assess environmental variation and bioassessment metrics between sampling methods and study sites. PCAs were performed in R using the standard package prclust.
To analyze long-term trends in bioassessment metrics and assess the degree to which ecosystem health in the Niobrara River has changed over time, we used functional data analysis (FDA; Ramsay 2006) . FDA is particularly useful in this context as it provides a means to capture non-linear trends (e.g., in bioassessment metrics) and compare them among study sites (Henderson, 2006) . Bioassessment metrics were plotted against time with slopes and standard errors (SEs) calculated for each site to analyze the data using FDA. Ninetyfive percent confidence intervals (CIs) were estimated based on SE for each metric with trends considered significant when the CI did not include zero. 
Results
We collected 55 invertebrate taxa using HD samplers and 84 taxa using Hess sampling. When both methods were combined, we identified a total of 88 taxa from five phyla (Annelida, Mollusca, Nematoda, Nemertea and Arthropoda) in the Niobrara River. Four taxa were only observed in HD samples and 33 taxa were unique to Hess samples (Tab. 2). Unique taxa observed in HD samples were Coleoptera and early instar Ephemerellidae, with both found at low densities ( 20 ind./m 2 ). In contrast, we collected unique taxa of Coleoptera, Diptera, Hemiptera, Megaloptera, Odonata and Trichoptera in Hess samples ( 60 ind./m 2 ; Tabs. S5 and S6). Overall, Diptera, Crustacea and Ephemeroptera were the most numerous invertebrates in HD samples whereas Crustacea, Diptera and Mollusca were the most numerous in Hess samples.
We did not detect a difference in the number of invertebrates collected in HD samples (mean = 337 ind./ sample) compared to Hess samples (mean = 408 ind./sample; ANOVA P = 0.22); however, the proportion of taxa often differed. The proportion of insects was twice as high in HD samples compared to Hess samples ( Fig. 2a ; P 0.001); however, the proportion of non-insect invertebrates in Hess samples was two times higher than in HD samples ( Fig. 2b ; ANOVA P < 0.001). The proportion of Ephemeroptera in Hester-Dendy (HD) samples was nearly five times higher than in Hess samples ( Fig. 2c ; P 0.001). Conversely, the proportion of crustaceans in Hess samples was more than two times greater than in HD samples ( Fig. 2d ; P < 0.001) and the proportion of annelids was nearly three times higher in Hess versus HD samples ( Fig. 2e ; P = 0.029). We did not detect differences in the proportion of taxon between Hess and HD samples for Mollusca (P = 0.18), Diptera (P = 0.11), Hemiptera (P = 0.08), Coleoptera (P = 0.39), Odonata (P = 0.15), and Trichoptera (P = 0.25). Taxon diversity ( Fig. 3a ; P < 0.001), taxon evenness ( Fig. 3b ; P = 0.029), taxon richness ( Fig. 3c ; P < 0.001) and HBI ( Fig. 3f ; P < 0.001) were higher in Hess samples and the proportion of EPT taxa ( Fig. 3e ; P = 0.008) was higher in HD samples ( Figs. 3 and S3 ; Tab. 3). Conversely, EPT richness ( Fig. 3d ; P = 0.93) was similar between methods (Fig. 3d) . Statistical results for all ANOVA comparisons are include in Table S4 .
NMDS analyses revealed that HD and Hess samples captured similar invertebrate assemblages; however, HD yielded a broader assemblage profile than Hess samples (Fig. 4a) . Analysis of multivariate dispersion showed greater variation between replicate HD versus Hess samples (P < 0.01; Fig. 4b and c) . Sampling year affected the invertebrate assemblage collected (Fig. S4a) while sampling site had no discernible influence (Fig. 4d) . Sampling year had a greater influence on environmental variation among sites than specific locations. This environmental variation among sites was largely driven by SPC, ORP, water clarity, and discharge (Fig.  4e) . When bioassessment metrics were compared, the two methods formed distinct clusters in PC space with seemingly little influence of specific sampling years (Fig. 4f) . Moreover, taxa richness, EPT richness, and HBI were the most influential bioassessment metrics in separating results calculated for each sampling method (Fig. 4f) .
Despite many differences between sampling methods, there was no significant influence of substituting HD or Hess data from 2010 to 2014 into long-term bioassessment calculations (Fig. 5) . Regardless of which recent data set was included, long-term trends in bioassessment metrics clearly showed declining health in the Niobrara River ecosystem over the last 19 years (Tab. 4). Aside from biased representations of invertebrate assemblages that stemmed from HD sampling, Hess samples also required similar or fewer net resources per sample in our study. HD samples required weekly trips to clear debris (five trips) versus only one trip for Hess samples (Tab. 5). Therefore, the value of Hess sampling increases with distance to and from study sites. 2.7 ± 0.32 2.3 ± 0.31 3.1 ± 0.34 1.9 ± 0.25 3.7 ± 0.52 3.1 ± 0.17 HBI 7.22 ± 0.32 6.91 ± 0.08 6.51 ± 0.18 5.97 ± 0.10 6.18 ± 0.09 6.50 ± 0.08 
Discussion
HD versus Hess sampling
Our results support broader themes in aquatic ecology that invertebrate assemblages collected with artificial substrate samplers (e.g., HD) differ from those collected with other techniques. Specifically, HD samplers tend to collect lower taxon diversity versus other methods (Shaw and Minshall, 1980; Blocksom and Flotemersch, 2005; Letovsky et al., 2012; McCabe et al., 2012; Macanowicz et al., 2013) , a result we also observed for the Niobrara River when comparing HD and Hess sampling. The limited diversity observed using HD samplers may be because some invertebrates are limited in their ability to colonize HD plates due to habitat requirements (e.g., no sediment to burrow into), functional feeding group (e.g., a shredder with no access to leaves), or other factors. In the Niobrara River, Hess samples consistently recovered higher taxon diversity, a larger proportion of non-insect invertebrates, crustaceans and annelids, and a smaller proportion of insects and mayflies. These differences extended to bioassessment metrics in our comparative data set (2010-2014) with taxon richness differing most dramatically between HD and Hess sampling. Bioassessment metrics were elevated in HD samples due to a higher density of mayflies (an EPT component) colonizing the plates, a pattern previously observed (Canton and Chadwick, 1983; Letovsky et al., 2012) . Furthermore, individual HD samples were more taxonomically variable, likely a product of a wider array of colonization conditions (e.g., the amount of debris or algae accumulating while the HD plates were colonizing). An alternate explanation could be differences in the way HD samples were handled and processed, but because identical field and laboratory methods (including the same personnel) were used, it is unlikely that differences were handling related. Sampling location within the stream, whether the main channel (HD) or margins (Hess), is a factor to consider when deciding on sampling methods. Sampling the main channel with HD plates collected the same taxa that were collected with a Hess sampler in the stream margins. However, sampling with only HD plates would miss many taxa and thereby reduce accuracy as many taxa were only observed via Hess sampling in the stream margins. While a portion of these differences may be due to sampling method, environmental factors likely also play a role. The stream margin is a transitional habitat where the floodplain and stream channel meet. In the Niobrara River, macrophytes are abundant along the stream margin and few aquatic plants grow in the main channel. Macrophytes along the stream margins provide stable substrate for invertebrates to feed upon and use for shelter, whereas the main channel likely offers few natural refugia for invertebrates. Moreover, water velocity is slower and more detritus accumulates in stream margins compared to the main channel. Few benthic invertebrates live in the main channel of the Niobrara River (Tronstad, 2012) and the HD samplers offer substrate that is naturally lacking in the middle of the stream. For managers, we recommend sampling different habitats initially to assess the invertebrate assemblages of each to estimate how representative they may be of the broader community. This preliminary sampling can then be used to identify the best habitat to sample for long-term monitoring. For the Niobrara River specifically, our results indicated that fewer taxa would be overlooked when Hess samples were collected along stream margins compared to both HD sampling and sediment core samples from the main channel (Tronstad, 2012) . 
Long-term changes to the Niobrara River ecosystem
Relatively few long-term aquatic invertebrate monitoring data sets exist, and the few that do are vital to our collective understanding of how ecosystems change over time, particularly in response to specific events (Jackson and Füreder, 2006; Jackson et al., 2009; Mazor et al., 2009) . In this study, four of six bioassessment metrics (HBI, EPT richness, taxa richness and the proportion of EPT taxa) showed significant trends over the 19-year monitoring period, regardless of which data set (HD or Hess) was included for the 2010-2014 timeframe. These metrics collectively pointed to a decline in ecosystem health in the Niobrara River. The fact that the overall trend was consistent, regardless of which data set was included suggests that, at least for the Niobrara River, changing methods from HD to Hess may not affect the interpretation of long-term trends.
Despite using the same methods to collect and analyze HD samples, we did observe trends in bioassessment metrics over time that indicated reduced overall ecosystem health. There are two likely explanations for this decline in Niobrara River ecosystem health: the introductions of invasive northern pike (E. lucius) and yellow flag iris (Bowles et al., 2013; Spurgeon et al., 2014) . Pike are piscivores and likely caused a decline in the resident fish assemblage from 11 to 3 species between 1989 and 2011 (Spurgeon et al., 2014) triggering a trophic cascade that affected the invertebrate assemblage in the river (Carpenteret al., 1987; Tronstad et al., 2010; Shelton et al., 2015; Wilmot et al., 2016) . Furthermore, the invasion of non-native plants may have altered the stream ecosystem (Bowles et al., 2013; Spurgeon et al., 2014) . Vegetation surveys revealed that non-native plants composed 32-42% of the total plant assemblage at each of the sites (Tronstad, 2015) . Of these, invasive yellow flag iris comprised 15-24% of the plant communities sampled. Yellow flag iris may limit the populations in the river because this invasive plant can reduce algal growth on its leaves by 76% (Shan et al., 2015) and yellow flag iris extracts can kill aquatic insects (Ahmed and El Hamshary, 2005) .
Conclusions
Managers interested in monitoring changes in invertebrate assemblages and comparing results to other aquatic ecosystems should consider using fixed-area samplers (e.g., Hess) rather than artificial substrate samplers (e.g., HD). HD sampling provides a biased perspective of ecosystems with fewer taxa observed and inflated densities of others (i.e., Ephemeroptera). For the Niobrara River and AGFO, the question of which method to use going forward, like many management areas, is complicated by a long-term (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) ) monitoring dataset generated with HD samplers. In this study, we provided empirical evidence that, at least for the Niobrara River, making the switch from HD to Hess sampling will provide a more accurate representation of the invertebrate community, use fewer resources, and will not significantly alter long-term trends established through HD sampling from 1996 to 2009. Measuring an accurate baseline is vital when estimating the effects of invasive species, designing conservation plans, or predicting the implications of large-scale environmental stressors such as climate change. Ultimately, biomonitoring goals, stream ecosystem characteristics, and the presence (or absence) of long-term data should dictate what sampling method to use.
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